H124% 91 L E N 5 RIS Vol. 12 No. 1
202541 H Navigation Positioning and Timing January 2025

doi:10. 19306/j. enki. 2095-8110. 2025. 01. 009

i A GNSS 7K 8 & M F1 3E 26 14 45 1E B9
ERAS PWV =@ IEEFHiE

gﬁfiﬂl,Z’Z%}i NN 77}:5]'—57\}/\495"1‘5—%% 1:5 %39
RIRE, B LA ERRES, FERES

(. PR RERR L 710032 2. M IRPHLAUH B b h H AR R A4
Eﬁ‘%ﬁﬁ@;—%i M AL 2100415 3. Fﬁﬁﬂ&ﬁ%wu%ﬂ%ﬁﬁﬁﬁ%% P§% 710054 ;
A, JFPH TSI 25 B, BEPEJRCH 7120005 5. o [ A A A PG A B I 3R TSR B A BR S F] . PE 4 710065
6. Ll P KR B ik&ﬂmzﬁm, L PE s 3 044000)

W E.SHAERATHEREZPWSHMEARAARFLEERBRAARFTLAETEZEL, $ 4
RECH P RER AT T S B4 E (ERASD RS REZ T 59564 PWV =& (2 £ 53
R A EFREE, L EHARBE LR ARBRRLEGIEE R, S ERAS PWV =&
8RR AT E LR T — A A GNSS KA & Ao dE & 45 4249 EARS PWV K E5 %, #EH
%% T GNSS PWV 5 ERA5 PWV Z [ &) 2 %tk £ .4 Bl Lomb-Scargle Bl A B 7 ik 5 #7 7
PWVHZRHAR LA TR _RREALT PWV R LN EEAMR ERA, LR, H46FET
KUK EE PWV RRAZAKFrt T HF 3 KAKZ G %%Egﬁ%%ﬁﬁ 2 W % (BP-NN)
MET REZEY ERAS PWV dE& AR EAA, D44 ERAS PWV B3 RB45E, &R P E XK
My 2B B W 45 2021—2023 5+ GNSS,ERAS #e £ & w8 = 3549 PWV, uzzmghk M A B
TR, R ER.EFEERBANSKASIL LY AAEIF G4 E, 5 ERAS PWV ~ &t
BHHRMS)FHERERSA 32.15% ., Z 7 k%A A E B ERAS PWV HE, 4 R 34
R ATAERIBA R F R SHE G RASLE,

F #2837 . GNSS; ERA5 PWV; Lomb-Scargle JE #1 8 ; & 1] 1% 3% # & W %

FESES . P228. 4 MERAR SRS A T EHS.2095-8110(2025)01-0097-14

The ERAS PWYV correction method considering linear and
nonlinear characteristics of GNSS PWV

GUO Hongwu'*, LI Haojie’ , DU Fenling', LI Zufeng’, MA Zhi*, ZHAO Qingzhi®,
ZHAI Yuan', DU Yuzhu’, YUE Yanbing®

(1. Xi’an Meteorological Bureau, Xi'an 710032, China; 2. Key Laboratory of Transportation Meteorology of
China Meteorological Administration, Nanjing Joint Institute for Atmospheric Sciences, Nanjing 210041, China;
3. College of Geomatics, Xi’an University of Science and Technology, Xi’an 710054, China;

4. Xianyang Institute of Surveying and Mapping, Xianyang, Shaanxi 712000, China;

Wi B 2024-07-12; 81T HH5:2024-10-25

BB HEHAB EE S (42274039 BE A AR R BRI L S EASHBERIRENA LR E AR ES
(2023K-1) ; L1 74 48 7K FIRL 3= BORBFFEHE T 5 H (2024GM10, 2024GM11) ; B 5 K 4 BH 80 397 BF 58 b AL b 18] I
bﬂzﬂ%%%(mc‘rzozul)

EHER N FHER 969, 5, @ TR, 322 = KA K IR i B BT i O T B8 58

BASEE RRE 1989 B Wi+, B8, E 2T GNSS Fdi b K FL A G A0 1oz H 5 1T 9 5%



98

S5 B

5. Power China Northwest Engineering Corporation Limited, Xi’an 710065, Chinaj;

6. Shanxi Conservancy Technical Institute, Yuncheng. Shanxi 044000, China)

Abstract: Highly accurate precipitable water vapor (PWV) is of great importance for numerical
weather prediction. short-range extreme weather prediction studies, etc. The fifth generation Eu-
ropean centre for medium-range weather forecasts reanalysis (ERAS5) is capable of providing PWV
products with high spatiotemporal resolution. However, its accuracy is not ideal in local regions
and cannot meet the practical needs for regionally refined weather forecasts and warnings. In order
to effectively improve the accuracy of ERA5 PWV products in the local region, an ERA5 PWV
correction method considering linear and nonlinear characteristics of GNSS PWV is proposed. This
method considers the systematic deviation between GNSS PWV and ERA5 PWV, analyses the pe-
riod term of PWYV deviation by using the Lomb-Scargle (LLS) periodogram method, and develops a
linear period correction model for PWV deviation based on the least squares principle. In addition,
the influence of linearly corrected PWVs, various meteorological parameters and spatiotemporal
factors on the PWYV residuals is comprehensively considered. The nonlinear correction model of
ERA5 PWYV in different seasons is developed based on the back propagation neural network (BP-
NN), and the accuracy of ERA5 PWYV in local regions is optimized. The PWV derived from the
crustal movement observation network of China (CMONOC) GNSS stations, ERA5, and radio-
sondes stations, as well as the meteorological data measured by meteorological stations from 2021
to 2023 are selected for the experiment. The results show that the proposed method has good accu-
racy in different spatiotemporal water vapor contrasts, and its root mean square (RMS) average
improvement rate is 32. 15% compared with the ERA5 PWV product. The proposed method can
effectively improve the accuracy of local ERA5 PWV and provide high-precision water vapor infor-
mation for regional refined weather warning and forecasting research.

Key words: Global navigation satellite system (GNSS); The fifth generation European centre for
medium-range weather forecasts reanalysis (ERA5) precipitable water vapor (PWV); Lomb-

Scargle periodogram;Back propagation neural network (BP-NN)

Ell

i

202541 A

Hiv B AR 15 R A2 W g KR T A5 R I L R I

RAIRIEANE D i TR RE H A e A A, BAT
925 A I 25 A8 S e R SR AT R L 4 R OK SR 3
AR S IE I AT R, R AUK VR E
i3 KA AT f& 7K B (precipitable water vapor, PWV)
AR . R BRI RS R g I S g R Y R
Hi PWVL X T KA A A B B R 7L L
MNTIRA PR IR S R R R T,

WA PWV 3R HU7 ¥ 2 o4 A R = X
(radiosonde, RS) . & J& T &  ${H K K M #f (nu-
merical weather prediction, NWP) #14 ¥k T2 S
% 4t (global navigation satellite system, GNSS)
SRR JLr  RIHT RS HR A A S D0 O R AR I kG
JE PWV (RS PWV) 8 A Ay 2 45 1 A6 U - b ok
FARM G S %, (Bl T RS PWV 778 3 11

TR T AR A AR I A PRE B R T A R
1 PWV BLAT 42 KA, R A g 25 8] 23 Bk 3 S5 400
P A B IBEE 5 2 B = 5 R, P EORRK
VSR B AR LG 7 ) S i DORS B AT RS
NWP #5850, 4 g A 399 2K <4z 0 (European
Centre for Medium-range Weather Forecasts, ECMWF)
M58 A KA T2 M B dE 4 (the fifth generation
ECMWF reanalysis, ERAS5) , B 8 & W) RS B A At
2R RAE— S PWV ik G0 Jm 36 X RS
JEARX AR . GNSS 7K 7 S 38 B AR HAT w30k B | ey i
2303 B A AR AR 55 18 3, BB 95 AR 4 3tb 5 4 4% ¢
PWV £ F B AR, BARER A 2 IR K IR
PRAD L — K PRI AR YA L (H 22 KRR D H AR
RE PWV [ FETE R 25 73 B3R — 2 R B 45



%1

Jii % GNSS KR AEFAR L4 E 19 ERAS PWV ™ fh K IE 75 1% 99

ARG m2EEn Y, Wik, RZ%FH5SH TR
K5 B2 GNSS PWV X i B 25 3 B8 3 (14 573 BT 50Ok 3R B
1 PWV #EATRGE , LR UL 5 B 25 43 30 5 R b
FE PWV F= i,

WA PWV K IE T ik 25 WA PERIE AL
PRSI P A, L, 2R M AR GE D vkl o T 2 R
PWV [i] ) £k PERC AL, XL BT &2 PWV #E 47 EIE, 3C
B[ 12-13LL ks B GNSS PWV b &% 1F4L T A A
X 45, Fp A 3% R A% 5% 3% {Y (moderate resolution ima-
ging spectroradiometer, MODIS) PWV #§ & , 3 F] A
GNSS PWV #5772k MODIS PWV £ iF 550, #
# T MODIS PWV 7EA [A] X AR B . SCik[ 14 71
S GNSS PWV GBI = =5 A & L1 408
Pt L #E ST 3E I A IR, R R A B SRS B PWV
R R TR =5 AR L2 &7 o, s
N 74.5% . SCHR[15]%F MODIS 5 ERAS %# .
PR T — PP SR A5 S B LA Tk R A R
1o J5E i X 2 XS S ) 500 A i i R B PWV = i, &
HZ " B B 38 5 MR (root mean square, RMS) 4 F
1.1~2.0 mm Z[A], SR, DRAFo 2 25T 5k
GNSS PWV #4 8 A PWV BT IE  XfE LA
e PWV 5H A S5 B F R it 23 R ) 59 3l 2tk
AL, BT, K2R R P A 2 N 4 5 K Y A 2tk
PIAREST M PWV A2 A5 F A AL, DL AR B A
B PWV Bdst . SCERC17 48 T —Fh T s ) i
& 22 W 2% (back propagation neural network, BP-
NN MODIS PWV fiz 8 557k , % F Hb 3% 7 25 25 )
FIEF 25 P 52 8 R B PWV B 4k B, 5 MODIS
PWV 7=k e, S PWV S 4 T 37. 98 % ~
68. 670, SCHR[181H T Sl 9 4 28 I 2% , Il FH &5
KB/ GNSS PWV XHIE T i i) MODIS PWV #E 47
AL AR IE . &% BE RMS 038 ] 3k 37. 1%, SCHk
(19138 33 20 #r GNSS PWV 5 ERAS PWV (4% i , I
254 7% 18 ERAS PWV Al 25 [ 7 5 GNSS PWV 2
B A G 2, N7 1 B BN 29 o % 4 9 BP-NN il &
M IE AR, 455 A 3R B PWV [ RMS 2035 R R
18.54% ., iR SEF & M4 11 PWV AL E LAY, L)
Ji s PWV R 25 R R A28 &, DUETAS B2 PWV
ki A BRORTE —E R AR IS PR PWV RIEY
2 HF AL AR b L 20 T AR W F X PWV
FIsEmR . IR, RS TR & W 4 1 PWV JE LM AL
TEASE IR 22 ek g AR o S AR A P R G R L T
—ERRE LT PWV 8 ) 2% £ 1F A5 AL 1) 1] 25

YT AR AR AT ERAS K IR TE Ry 38 X 80K 1
AN BR B T — BB BT & GNSS JK 7R 2k o R R
LPEERIE Y ERAS PWV PR RCIE ik, M
JeHEST T GNSS 5 ERAS5 PWV i 2 1y 48 M 4% 1F 5
#, 351 A Lomb-Scargle i ] & (Lomb-Scargle pe-
riodogram, LS) J5 ik a8 PWV {22 19 J& 1 11, A
M3 ERAS PWV M IE . Ak, DLk M AL
EJG ) PWV AR FEIS RS HOR B 25 B F R A 43
FE N T 3T GNSS /K 51 A 42 M A 1 A5 A, it
— B ERAS PWV M dE &kt kifb., 5
ERAS5 PWV 7= & B4 A e, K IE 5 9 ERAS PWV
- A A R G B 32, 15 %6, AT Oy Ry S DX sk A (L 94
SRR s R T S S AR mORS 1 PWV

1 HAREBEHENE

1.1 FREXE

W XA T v I L VG 48 B I 0 b X (b 26
109°~115°, R 48 34°~41°) i X 3 [ P L 1) 4 e
R, AR B R 2 M A AR 1) Fr B 5 YA AR T PG It e DX 34
BT, i X S A S B R AE A 4 K
TR G UK R ERY RS RRIZ X SRR R S
X3, R 20212023 4B X 3k P9 ) ERAS 4% ¥
OB L GNSS S04 (49 4> & GNSS 3 341k (1< %
SHECEIEATSE B . IR Ah, M HUC 2k f 4 A B0 DL IS
TEASCHR 7 T 5 . 1 R A RS XA
Sl S B RN B 1 PR,

39

38

37

36

35

<
)

110 1L 112 113 114

1 HIREE GNSS. SEMELBRTHELASH
Fig. 1 Geographical distributions of GNSS, meteorological

and radiosonde stations in the experimental region
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Tab. 1 Specific information on experimental data

B B[] 23 Bk 2%/ h 23 [8] 43 B 2R B e
GNSS 1 station https://data. cosmic. ucar. edu/gnss-ro
RS 12 station https://www. ncei. noaa. gov/pub
KB HE 1 station http://data. cma. cn/
ERAS 1 0.25°X0. 25° https://cds. climate. copernicus. eu
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Fig. 3 Long-term deviation and scatter density
plots comparing GNSS PWYV and ERAS PWYV against
RS PWYV from 2021 to 2023
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Fig. 4 Periodic analysis of the deviation between ERAS
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Tab. 2 Accuracy improvement rate of LP PWV and LNL
PWYV in different seasons compared with ERAS PWV
%

RMS B3 %
7 A2 F % T

LP VS ERA5  21.00 32.70 18. 90 23.90 24.13

LNL VS ERA5  28.10 39. 60 30. 80 30. 10 32.15

N T P RE LP PWV 5 LNL PWV {4
EHERE L L 20212023 AERFSE X3 N 5 GNSS ¥ JF:

R RS PWV &%, 15 T AR 295 F ERAS
PWV.,GNSS PWV,LP PWV il LNL PWV fH; .,
K 7 fifr s RS PWV 5 ERA5 PWV, GNSS PWV,
LP PWV il LNL PWV ) MAE F1 RMS %t i1 4%
& 7 7L 1 ERA5 PWV,GNSS PWV,LP PWV
M LNL PWV £ KR4 2219 RMS ¥/hF 5 mm,
KM MAE 5 RMS fi K, X 5 FiR PWV BRI
Wi —% ., M4 T ERAS PWV fil LP PWV,LNL PWV
FE 4 A2 R BE R O, B T AR SO HE 1 it K 7K
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I B R ROR AR E Tk

RMS/mm
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Fig. 7 The MAE and RMS between RS PWV and ERA5/GNSS/LP/LNL PWYV in different seasons from 2021 to 2023
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Tab. 3 Statistical results of average PWV and RMS for all stations in the experimental region mm
, ERIRaE
Hopn -
i Ll k &S 1
GNSS 12.63 32.16 15. 63 4.79 16. 30
ERAS5 11.12 27.06 14.13 4. 28 14. 15
PWV
LP 12.74 32.09 15.74 4.99 16. 39
LNL 12.59 32.19 15. 61 4.76 16. 29
ERA5 VS GNSS 3.59 7.92 4. 28 1. 68 4. 37
RMS LP VS GNSS 2. 88 5.45 3.44 1. 34 3.28

LNL VS GNSS

2.62 4.91 3. 06 1. 24 2.95
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